Observations of tidally forced flow in a constricted and sill-like region of a highly stratified sound are examined as a problem of two-layer hydraulic exchange. Based on the current and salinity data, time and space dependent hydraulic conditions along the sound are discussed. It will be shown that the sound is subject to internal hydraulic controls at several locations, which account for the generation of strong internal hydraulic bores and drops in the upper layer. Internal solitary waves with 3-6 rain period were found in the upstream propagating bore. Using results from different models of the solitary wave based on the Korteweg-de Vfies (KdV) equation, it is shown that the second-order nonlinear term must be included in the two-layer model. Results from a first-order continuously stratified model, solved using the lowest mode eigenfunction, gave similar results as the second order two-layer model. This implies that two-layer models may ignore some properties of the real fluid and that internal soiltons are also sensitive to the stratification characteristics of the water column. The vertical velocity shear, hydraulic characteristics of the flow and the presence of solitary waves were major contributors to vertical mixing in the sound.
only major freshwater source. Due to the intrusion of brackish water associated with the plume of the fiver and ice melt in spring, the sound can be characterized as highly stratified from mid-winter to early summer. Previous studies have shown that the progressive thinning of the pycnocline and increasing salinity of the upper layer with distance into Manitounuk Sound are prominent features [Ingram, 1983] . Further details about conditions in the sound were described by Ingram [ ,1983 . In particular, Ingram suggested that one of the sources of denser water for the upper layer was vertical exchange near Paint Island (Figure 1) . A hydraulic mechanism which may increase vertical exchange was recently suggested by Ingram et al. [1989] . They assumed that the dissipation of high-frequency internal waves, generated at a constriction/sill, could cause upward salt transport across the pycnocline. However, their observations were taken every 5 min, resulting in an aliased description of the high-frequency (3-5 rain period) fluctuations present. 12  18  24  30 12  18  24  30 12  18  24  30 12  18  24 Figures 5 to 7 present the time series of current, salinity, and temperature for spring tides. Because the cross-channel velocity components were much smaller than the along-sound velocity components, and the expected direction of propagation of the internal bores and high-frequency waves were also along the channel, the -12.
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-36. along-channel velocities will be the focus of our study. Here, positive velocities are directed into the sound (NE), corresponding to the flood, and negative velocities are directed out of the sound (SW), corresponding to the ebb. Tidal currents at 2.5 m (upper layer) and 7.5 m (lower layer) were generally opposed at station B. However, the whole water column at stations A and C moved in the same direction. The tidal flow was predominantly semidiurnal. The velocities at station A were much smaller than those at station B (at the constriction) and station C. More variance occurred in the velocity signal at the constriction than at stations A and C. During neap tide (not shown), the velocity was smaller and less variable at all stations. Because of a malfunction in the 2. 5 m-deep current meter at station A, no velocity data were recorded. Data at 7.5 m for station C were edited to delete a few unrealistic pulses.
I
At our observation depths, temperature was in general negatively correlated with salinity. The temperature slowly decreased with depth. The average temperature and At are listed in Table 2 .
Examining the along-channel salinity field, we found that the salinity difference between downstream and upstream stations (AS) (Figure 8 ) was generally positive; however, a slight decrease occurred at 2.5 m between stations A and B during spring tides. At the time scale of the semidiurnal tide, fluctuations in salinity were prominent at the upper two observation depths (Figures 5e, 6e and 7e). At station A, strong drops in S were observed at 2.5 m when the tide changed from flood to ebb for both the neap and spring tide. At station B, from peak flood to the beginning of ebb, salinity dropped steadily at 2.5 m in the initial stages, then increased sharply by about 60/00 in a few minutes. Strong salinity bores were superimposed on the tidal signal. High-frequency variations of salinity were also evident in some of the strong bores at spring tides, on the shift from flood to ebb. Similar, but weaker, signals were also observed at 1.5 m. During spring tides at station C, a salinity bore at 1. 
where AS is the salinity increase due to crest steepening of the wave and OS/OZ is the salinity gradient. In our case, the amplitude (cresttrough) was estimated at about 2-3 m. Because of abnormally lower winter run-off of the Great Whale River during the observation period(100 m3/s) in 1989 compared to other years, the stratification was weaker than normal. Hence, both hydraulic bore/drop and solitary waves may differ during years of stronger fiver discharge. Individual bore and solitary wave events were not followed between stations. Thus, the data could not provide a measure of the phase speed nor the direction in which the wave propagated. In fact, it could be only deduced from the data at station B that the propagation was mainly in the upstream direction, i.e., towards the entrance of the sound.
INTERNAL HYDRAULICS
An earlier study of hydraulic theory [Long, 1953] showed that one important parameter which characterizes hydraulic control is the Conditions for the two supercritical flows (case 2) are similar to those for maximum exchange flow [Armi and Farmer, 1987] , since disturbances at the interface cannot propagate through the region between these two supercritical flows from outside or inside. The exchange rate between the two bounding supercritical flows is maximal under such circumstances. Therefore, hydraulic processes depend only on the conditions between the two bounding supercritical areas. However, both cases 1 and 3 give submaximal exchange, and will always be influenced by one of the reservoir conditions [Armi and Farmer, 1985] .
The continuity and energy equations (equations (7) and (10) The theoretical results, both for bore generation and interface tilt, are in good agreement with observations. It is important to keep in mind that the control condition was dominated by the upper layer flow due to the deep lower layer except near the island. However, it should also be noted that the small island near station A may have more effect on the hydraulic characteristics in the sound than those discussed above. For further understanding, more observations near The generation mechanism of these solitary waves was ascribed to the upstream propagation of a bore at the start of the ebb. This bore, characterized as a stepwise variation of the isohaline level, was generated during the flood tide downstream of the hydraulic control (discussed in section 3). During the upstream propagation of the bore, a packet of solitary waves evolved from the bore due to nonlinear effects. In particular, the nonlinearities increased rapidly at the narrowest section, as found by Grimshaw [1978] ,5.
-5.
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-25. [Gear and Grimshaw, 1983] . In order to compare the model with observation, wavelength is defined by the point at which the displacement has dropped to 10% of the maximum, or •.--3.6L, as Holloway [1987] suggested. The observed wave periods were estimated from the salinity oscillations corresponding to the definition of wavelength. In Figure 16 , C/Co is about 1.2, so that the nonlinear correction to the linear phase was large. However, the calculated wave periods do not agree well with observations for the first-order model. Based on experimental results in a two-layer fiuid, Koop andButler [1981] concluded that the first-order theory was valid for wave amplitudes such as e = a/hi < 0.2. The inclusion of second-order nonlinear terms extends the useful range of the two-layer KdV theory to wave amplitudes of e=0.8. In our case, the e were 0.7, 0.7, and 0.6 for the three leading waves, respectively, as shown in Table 4 
CONCLUSIONS
Flow through a horizontal constriction and around sill-like island in the sound is studied based on two-layer hydraulic theory. The observed asymmetry and rapid transition of the interface depth are well explained in terms of the hydraulic characteristics of the flow.
Although both the sill-like island and constriction influenced the hydraulic characteristics along the sound, the constriction (bore generation) had more effect on the upper layer and the sill-like island (drop generation) on the lower layer. Controls on flow exchange varied with tidal phase. Both island and constriction controlled the flow during the tidal stage of case 2, but only one of them controlled the flow for cases i and 3. Therefore, tidal forcing is crucial to hydraulic control. However, the whole system, which contained internal bores, drops and solitons along the sound, may be unsteady most of the time and can be regarded as quasi-steady only in certain regions. The steady flow may only occur during the maximum flow (supercritical flow) near the control region [Geyer, 1990] . Although the steady hydraulic theory is used to describe hydraulic controls near the constriction during the maximum flow, the time dependent problem should be introduced to solve the entire problem. As indicated by Bryden [1991] , "unless this is done, the dose agreement of the steady models with many important aspects of the strait will remain a puzzle".
To understand both development of bores (drops) and generation of the solitary waves, it is necessary to link the studies of hydraulics and nonlinear waves. Our analysis shows that solitary waves were generated from the upstream propagating bores. The consequence of hydraulic control is one of the preconditions for solitoh genera- 
